The active acquisition of epigenetic changes is a poorly understood but important process in development, differentiation, and disease. Our work has shown that repression of the p16/pRb pathway in human epithelial cells, a condition common to stem cells and many tumor cells, induces dynamic epigenetic remodeling resulting in the targeted methylation of a selected group of CpG islands. We hypothesized that cells in this epigenetically plastic state could be programmed by the microenvironment to acquire epigenetic changes associated with tumorigenesis. Here, we describe an in vitro model system where epigenetically plastic cells were placed in an environment that induced epithelial to mesenchymal transition (EMT) and led to a program of acquired de novo DNA methylation at targeted sites. In this model, we found that repression of E-cadherin transcription preceded the subsequent acquisition of methylated CpG sites. Furthermore, the induction of EMT was accompanied by de novo methylation of several other gene promoters, including those of the estrogen receptor and Twist. These data demonstrate that signals from the microenvironment can induce phenotypic and gene expression changes associated with targeted de novo epigenetic alterations important in tumor progression, and that these alterations occur through a deterministic, rather than stochastic, mechanism. Given the dynamic epigenetic reprogramming that occurs in these cells, DNA methylation profiles observed in human tumors may reflect the history of environmental exposures during the genesis of a tumor.
T he heritable regulation of gene expression changes that are critical to processes such as differentiation and disease can be controlled by epigenetic modifications of proteins and DNA sequences. We recently reported that the repression of p16 INK4A in primary human mammary epithelial cells (HMEC) activates an E2F-mediated increase in proteins that remodel chromatin and causes targeted de novo DNA methylation at a non-random collection of loci (1) . These studies show that cells can acquire epigenetic plasticity by altering the p16/pRb pathway, and that this program of acquired de novo methylation has a deterministic (predictable) rather than stochastic (random) pattern. Furthermore, the coordinated set of de novo DNA methylation events are preceded by, and dependent upon, the repression of gene expression. Thus, during cancer progression, one may envision that tumor cells can acquire epigenetic plasticity through repression of the p16/pRb pathway via mutations, deletions, or methylation (2) , which then provides the potential for programming epigenetic events. These observations are reminiscent of studies that show the acquisition of promoter hypermethylation upon modulation of estrogen or retinoic acid signaling (3, 4) . In these cell population-based studies it is unclear whether the nonrandom hypermethylation events observed are due to induction or selection. To explore this question further, we chose a clinically relevant malignant phenotype and determined if repression of gene expression induced subsequent DNA methylation events or whether these occurred by selection.
Alterations in cellular phenotypes, such as epithelial to mesenchymal transition (EMT), play a critical role in tumor progression (5), have been implicated in tumor recurrence (6) , and are often associated with a poor prognosis in women with breast cancer (7) . Consistent with this, there is now evidence demonstrating a link between EMT, basal-like tumors, the stem-cell phenotype, and the acquisition of tumorigenic and metastatic potential (8, 9) . EMT is characterized by several molecular changes that include the loss of epithelial markers such as E-cadherin, and the induction of mesenchymal markers such as N-cadherin, fibronectin, and Snail (5) . Though alterations in E-cadherin expression can occur through multiple mechanisms, including loss of heterozygosity and mutational inactivation, E-cadherin is frequently silenced through aberrant DNA hypermethylation of its promoter (10) . Interestingly, when E-cadherin is silenced through promoter DNA hypermethylation, mammary cell lines often exhibit a mesenchymal morphology through the coordinated induction of a set of genes involved in EMT (11) . In contrast, when E-cadherin is inactivated by mutation, the cells continue to exhibit an epithelial morphology, and these genes are not induced (11) . This suggests that a program of molecular alterations leading to EMT, invasion, and metastasis can be modulated epigenetically.
EMT has been shown to be induced in murine cells by oncogenic ras in cooperation with factors in serum (12) . There is also evidence that exposing cells to serum induces a gene expression pattern that resembles that of a wounding response. This wound-response signature is strongly predictive of future invasive and metastatic behavior, both of which require EMT (13) . To determine whether HMEC with repressed p16 INK4A (vHMEC) could be programmed by the microenvironment to acquire epigenetic changes associated with tumorigenesis, immortalized vHMEC-expressing oncogenic ras (vHMEC-ras) were exposed to serum. When cultured in serum-rich media, vHMEC-ras cells underwent phenotypic changes indicative of EMT and became more motile. This morphological transition was accompanied by a program of directed de novo DNA methylation of genes such as E-cadherin. Thus, signals from the microenvironment can induce phenotypic changes that modify the epigenome in an active and deterministic manner. This valuable model system will allow further study of phenotypic and epigenetic modulation during malignant transformation, and provide targets for therapeutic epigenetic reprogramming.
Results
Immortalized HMEC Can Undergo EMT in a Serum-Rich Environment.
Because oncogenic ras has been shown to cooperate with factors in serum to induce EMT and promote tumorigenesis in murine cells (12), we exposed vHMEC-ras cells to either 0.5% (vHMECras0.5) or 10% (vHMEC-ras10) serum. The cells grew equally well in both serum concentrations (Fig. 1A) . In addition, we found that both cell populations were capable of continued proliferation after removal of serum [supporting information (SI) Fig. S1 A, vHMEC-ras0.5 3 0 and vHMEC-ras10 3 0]. However, unlike the cells grown in 0.5% serum, those grown in 10% serum underwent a striking change in morphology that was associated with loss of E-cadherin expression, reorganization of the actin cytoskeleton, and upregulation of the mesenchymal markers N-cadherin and fibronectin ( Fig. 1 B and C) , demonstrating that the cells were undergoing EMT. Because EMT is associated with increased motility, we examined whether the cells that had undergone EMT were more motile than the vHMEC-vector, -ras, or -ras0.5 cells that maintained their epithelial morphology, and indeed, they were (Fig. 1D) , indicating that the acquisition of this mesenchymal phenotype was biologically and functionally relevant. Moreover, the mesenchymal phenotype did not require constitutive extracellular serum stimulation, because it was maintained upon serum withdrawal (Fig. 1B, 10 3 0) . The epithelial morphology of ras-expressing vHMEC grown in 0.5% serum and the mesenchymal morphology of the same cells grown in 10% serum was manifested both on plastic (2D) and in matrigel (3D). When cultured in matrigel, the epithelial-appearing vHMEC-ras0.5 cells organized into mammosphere-like structures, whereas the mesenchymal-appearing vHMEC-ras10 cells retained their spindle morphology (Fig. S1B) . (14), we first examined the phosphorylation status of Smad2, one of the transcriptional mediators of TGF␤, by immunoblot analysis. As shown in Fig. 2A , basal Smad2 phosphorylation was increased in both early-(10E) and late-(10L) passage vHMEC-ras10 cells that exhibit a mesenchymal morphology, but was not detected in vHMEC-ras0.5 cells that exhibit an epithelial morphology. In contrast, phosphorylation of MAP kinase was elevated in all vHMEC-ras cells (independent of the serum concentration in the growth media), consistent with the activation of the ras signaling pathway in each of these cell populations. These data indicate that TGF␤ signaling may be required for the phenotypic alterations induced by 10% serum. Consistent with this, in our analysis of several markers of EMT, including E47 and Slug, which remained unchanged (Fig. S2 A) , we observed an upregulation of smad-interacting protein 1 (SIP1), a protein that has been implicated in TGF␤-mediated EMT (15) , in the vHMEC-ras10 cells that had undergone EMT (Fig. 2B) . TGF␤ has been shown to cooperate with oncogenic ras to induce Snail (16), a transcription factor that is a central mediator of EMT (17) . Snail was also upregulated in the vHMEC-ras10 cells that had undergone EMT (Fig. 2C ). In addition, the negative regulator of Snail, MTA3, a protein that forms part of chromatin complexes (18) , was downregulated in vHMEC-ras10 cells (Fig. 2C ). These data demonstrate that TGF␤ signaling and several effectors of TGF␤-induced EMT are upregulated in vHMEC-ras cells grown in a serum-rich environment, and suggest that TGF␤ may be involved in mediating serum-induced EMT.
If TGF␤ is one of the factors present in a serum-rich environment that cooperates with oncogenic ras to induce EMT, we reasoned that TGF␤ could be used in lieu of 10% serum to induce EMT in vHMEC-ras0.5 cells that exhibit an epithelial morphology. To test this, we treated vHMEC-ras0.5 cells with TGF␤ and assessed the expression of molecular markers associated with EMT by immunofluorescence and immunoblot analysis. Within 48 h of treatment with TGF␤, the cells showed signs of a morphological change, which were clearly manifested by 72 h. This morphological change was associated with a diminution in pancytokeratin expression, reorganization of the actin cytoskeleton, and disruption of both cell-cell and cellmatrix contacts, as evidenced by the loss of E-cadherin and ␤1-integrin expression, respectively (Fig. 2D) . Coincident with the loss of epithelial marker expression was an upregulation in the expression of the mesenchymal markers N-cadherin and fibronectin (Fig. 2E ). In addition, vHMEC-ras0.5 cells stimulated with TGF␤ were more motile than their unstimulated counterparts in transwell migration assays, consistent with the expected increase in motility associated with EMT (Fig. 2F) . These data suggest that TGF␤ is one of the factors present in serum that cooperates with ras to induce EMT. However, unlike the serum-induced EMT, the TGF␤-induced EMT was reversible upon withdrawal of TGF␤ (Fig. S2B) , as previously observed in other cell types (19) .
Serum-Induced EMT Is Accompanied by Repression of E-cadherin Expression and Subsequent DNA Hypermethylation at the E-cadherin
Promoter. Because serum-induced EMT was irreversible and heritable (it was maintained upon the withdrawal of serum and transmitted to daughter cells), we examined whether epigenetic alterations were involved in permanently repressing E-cadherin expression in these cells. Epigenetic modifications in the promoter region of E-cadherin were assessed using methylationspecific PCR. Consistent with the heritable and morphological appearance of the cells, DNA methylation of the E-cadherin promoter was observed in the mesenchymal-appearing vHMECras10 cells, but not in the epithelial-appearing vHMEC-ras0.5 cells (Fig. 3A, lanes 1-4) . This methylation pattern was also maintained after the cells were switched to no (0.5 3 0) or low (10 3 0.5) serum growth conditions (Fig. 3A, lanes 5-8) , consistent with the maintenance of their morphology under those conditions. In contrast, and as expected, we did not observe methylation of the E-cadherin promoter after TGF␤-induced EMT, which is reversible (Fig. S2C ). These data suggest that TGF␤ is sufficient to induce the phenotypic alterations observed in a serum-rich environment, but that additional factors (or time) are required for the epigenetic modifications that render EMT heritable to occur. To rule out the unlikely possibility that the mesenchymal features in these cells were due to the selection and expansion of a rare contaminating population of fibroblasts, we analyzed the promoter gene region for the protein 14-3-3, which is a mammary epithelial-specific marker that is methylated in fibroblasts but unmethylated in epithelial cells (20) . This locus remained unmethylated in all our cells, including those that acquired a mesenchymal morphology, confirming their epithelial origin (Fig. 3A) . vHMEC-ras10 cells that exhibit a mesenchymal phenotype can also be distinguished from fibroblasts on the basis of their E-cadherin methylation as the E-cadherin gene promoter is repressed and unmethylated in human mammary fibroblasts (Fig. S2C, lane 2) , but repressed and methylated in mesenchymalappearing vHMEC-ras10 cells (Fig. 3 ). These data demonstrate that the acquisition of mesenchymal features by vHMEC-ras10 cells is the consequence of an active molecular process that occurs in epithelial cells.
To gain insight into the kinetics of E-cadherin silencing and methylation during serum-induced EMT, we examined Ecadherin mRNA expression and methylation at multiple passages after exposure to serum. This analysis indicated that E-cadherin gene expression was dramatically reduced after eight passages in serum (Ϸ50-fold less than ras0.5), and was even further repressed before methylation, which was detected at passage 25 and only became clearly evident in later passages (Fig.  3B) . This demonstrates that the repression of E-cadherin and emergence of mesenchymal characteristics precede methylation of the E-cadherin promoter.
To confirm that DNA methylation events were causal (and not simply correlative), for the long-term repression of E-cadherin expression, late-passage vHMEC-ras10 cells exhibiting hypermethylated E-cadherin promoter sequences were exposed to the DNA methyltransferase (DNMT) inhibitor 5-aza-2Јdeoxycyti-dine (AZA). As shown in Fig. S3 , inhibition of DNA methylation restored E-cadherin expression, but only modestly. Because Snail expression was upregulated in vHMEC-ras10 cells that exhibit a mesenchymal morphology, and Snail can mediate E-cadherin repression by the recruitment of histone deacetylases (HDAC) (21), we treated the cells with the HDAC inhibitor trichostatin A (TSA) to determine whether deacetylation was also involved in E-cadherin repression. Inhibition of HDACs resulted in an increase in E-cadherin expression, which was even more robust when the cells were treated with both inhibitors. This suggests that deacetylation and DNA hypermethylation at the E-cadherin promoter both contribute to the mechanistic basis of long-term silencing of E-cadherin expression.
To determine whether the mechanism by which E-cadherin is initially repressed before permanent silencing through DNA methylation also involved deacetylation, early-passage vHMECras10 cells were exposed TSA and E-cadherin expression was examined. The inhibition of HDACs increased expression of E-cadherin (Fig. S3) . These data suggest that deacetylation is implicated in repressing E-cadherin expression before long-term silencing by DNA methylation.
Methylation of the E-cadherin Promoter Occurs de Novo.
To determine if methylation of the E-cadherin promoter was a de novo event in vHMEC-ras10 cells, or the result of the selection of a pre-existing population of epithelial cells with a methylated E-cadherin promoter region, we isolated two independent clones of vHMEC-ras0.5 cells that exhibit an epithelial morphology and exposed them to media containing 10% serum. Early-passage clones (C1-E and C2-E) retained their epithelial morphology after short-term exposure to 10% serum (Fig. 4A) and expressed E-cadherin (Fig. 4B) . Upon continued exposure to media containing 10% serum, both clones gradually acquired a mesenchymal morphology (C1-L and C2-L), E-cadherin expression was lost, the mesenchymal markers N-cadherin and fibronectin were upregulated (Fig. 4B) , and the cells became more motile (Fig. 4C) . Subsequent to the induction of EMT, their E-cadherin promoter became hypermethylated (Fig. 4D) . These data demonstrate that the changes in cellular morphology and DNA methylation observed when vHMEC-ras cells are exposed to 10% serum occur de novo.
Methylation of the E-cadherin Promoter Is Part of a Nonrandom
Program of Targeted Epigenetic Changes. The de novo DNA hypermethylation observed at the E-cadherin locus could be due to a generalized increase in DNMT function that results in a generalized hypermethylation of CpG islands, or a program of more directed events. Exposing vHMEC-ras cells to 10% serum led to an increase in DNMT3a expression (Fig. S4) ; however, only selected CpG islands subsequently acquired DNA hypermethylation. Previous studies have shown that the E-cadherin and estrogen receptor (ER) promoter sequences are often hypermethylated in the same samples (22, 23) . Additionally, a number of genes have been reported to be more frequently hypermethylated in invasive breast carcinomas (24, 25) and in basal-like breast cancers that have a poor prognosis (26) . Because EMT is associated with invasive behavior, and has been correlated with the basal-like phenotype (8), we investigated whether genes that have been reported to be methylated in invasive and basal-like breast cancers also acquired hypermethylated promoter sequences in vHMEC-ras10 cells that exhibit a mesenchymal morphology. Several genes, including those that encode ER and Twist, which have been reported to be methylated in basal-like and/or invasive breast cancers (25, 26) , were hypermethylated in vHMEC-ras10 cells that exhibit a mesenchymal morphology, but not in vHMEC-ras or vHMEC-ras0.5 cells that exhibit an epithelial morphology (Table 1 and Fig.  S4B ). The promoter region for CST6, another locus that is hypermethylated in basal-like tumors, was also hypermethylated in cells that had acquired a mesenchymal phenotype, but its methylation occurred before methylation of the E-cadherin promoter. In contrast, other loci, known to be frequently hyper- methylated in breast tumors, such as BRCA1, GATA3, TIMP3, and DKK3 did not exhibit DNA promoter hypermethylation in these cells, thus confirming a nonrandom rather than generalized process (Table 1 and Fig. S4B ). These data suggest that there is a sequential and progressive increase in promoter gene methylation along the progression to malignancy that reflects the effect of signals from the surrounding environment.
Discussion
The accumulation of aberrant DNA methylation events that arise during tumorigenesis could occur through random epigenetic changes within the tumor cell population that are then selected for expansion because of a selective advantage or, alternatively, they could occur through more deterministic events and be programmed by specific repression of targeted genes. The data in this study provide a mechanism by which premalignant cells can acquire de novo DNA methylation at biologically relevant sites early in the carcinogenic process in a deterministic manner. Individual clones with an epithelial phenotype were reprogrammed by exogenous signals to acquire a mesenchymal phenotype associated with increased motility and predictable de novo DNA methylation events. Conceptually, our data suggest that the profile of methylation events in tumors is the sum of environmental exposures during their inception. Different environmental conditions can be expected to elicit different programs of epigenetic changes that create a memory of processes that drive carcinogenesis in each particular tumor. Thus, these cells represent a valuable model in which to study phenotypic and epigenetic plasticity, and the acquisition of directed de novo DNA methylation events.
The association between E-cadherin and ER promoter methylation we report in our in vitro system has been observed previously in human breast tumors and correlates with clinical parameters. Examination of several methylated gene loci for associations with clinicopathological features revealed that methylation at the Ecadherin and ER gene loci showed a strong positive correlation with each other and an additional association with a younger patient age at diagnosis (27) . Parrella et al. (23) examined the frequency of methylation at these loci in benign and malignant tissue, and reported an association between E-cadherin and ER methylation that increased with progression. Likewise, Nass et al. (22) reported that E-cadherin and ER promoter methylation as individual events were detectable in early lesions such as DCIS, were more frequent in invasive lesions, and that the coincident methylation of both promoters occurred in both types of lesions. Our in vitro studies provide a rationale for the association between E-cadherin and ER promoter methylation. Under specific conditions, both genes are targeted for hypermethylation as part of an epigenetic program that is induced by EMT. These genes, as well as other genes, are targeted for epigenetic remodeling via an initial repression of gene expression and the subsequent recruitment of DNA methyltransferases.
The clinical ramifications of these methylation events are critical. Many human breast cancers and breast cancer cell lines display features of EMT (11, 28) , and recent studies have shown that this phenotype is prominently featured in human basal-like breast tumors (8) . Consistent with this, studies have reported that loss of E-cadherin expression is positively correlated with advanced histological grade, metastasis, and decreased survival (29, 30) , characteristics that are typically associated with the basal-like subtype. Thus, methylation of the E-cadherin promoter leading to loss of E-cadherin expression and increased motility in vHMEC-ras10 cells may be an important event in the transformation of these cells. Coleman and coworkers (26) reported a methylation signature that exists in basal-like breast tumors. This panel of six genes is frequently hypermethylated in basal-like tumors and distinguishes them from other breast tumor subtypes. Of these six genes, the three that we examined-E-cadherin, ER, and CST6-were hypermethylated in the cells that underwent EMT.
Our data also suggest that there are consequences to the silencing of gene loci by DNA hypermethylation when compared with transcriptional repression via deacetylase activity. In this report we show that the repression of E-cadherin in earlypassage vHMEC-ras10 cells (that have undergone EMT, but do not exhibit methylation of the E-cadherin promoter) is dependent on deacetylation, as inhibition of HDACs by TSA resulted in an increase in E-cadherin expression in these cells. In contrast, late-passage vHMEC-ras10 cells (that have undergone EMT as well as E-cadherin promoter methylation) appear to repress E-cadherin through the dual action of histone deacetylation and DNA promoter hypermethylation. The consequences of differentially repressing E-cadherin are twofold. First, early-passage (P8) vHMEC-ras10 cells exhibit a higher level of E-cadherin expression than late-passage vHMEC-ras10 cells, and though they are more motile than vHMEC-ras cells that exhibit an epithelial morphology, they are less motile than vHMEC-ras10 cells that exhibit both a mesenchymal morphology and Ecadherin promoter methylation (Fig. 3 and data not shown, respectively). Second, and most importantly, the heritable nature of DNA methylation events ensures that subsequent generations of cell progeny will also exhibit the invasive phenotype associated with sustained induction of EMT even in the absence of inducing signals.
Finally, this in vitro model system provides unique insights into the timing and induction of methylation events that may occur during tumor progression. In this system, there is an ordering to the potential epigenetic reprogramming that occurs. Exposure of vHMEC to 10% serum or TGF␤ in the absence of ras overexpression evokes a pronounced cell cycle arrest (unpublished data) rather than the EMT that is observed in the vHMEC-ras0.5 cells used in this study. This suggests that EMT is a process that occurs later in the transformation process and that an increase in genomic instability as well as additional molecular alterations are required before invasive phenotypes such as EMT can occur. This is of particular significance because though EMT has been observed in a few rodent cell lines in culture, a survey of 14 human epithelial cell lines and two primary human cells revealed that none of the human cells could undergo EMT in response to 48 h of TGF␤ treatment (31) . Thus, our data provide previously undescribed evidence that extracellular cues (leading to immortalization) can cooperate with TGF␤ signaling and oncogenic stress during transformation to induce EMT in human cells. These data suggest that genetic and epigenetic events, provoked by ras overexpression, set the stage for the program of gene repression and DNA hypermethylation that can subsequently occur. Translating these observations to a biological setting, we postulate that damaging agents, such as ionizing radiation, which activate TGF␤, would typically induce a proliferative arrest in the bulk of breast epithelial tissue, but activate targeted epigenetic reprogramming in foci of cells that had already acquired preparatory molecular events such as ras overexpression and 
U, unmethylated; M, methylated.
immortalization. Understanding these processes may provide avenues to effective intervention and prevention.
Materials and Methods
Cell Culture. Immortalized vHMEC expressing pLXSP3-Ha-rasV12 or the control pLXSP3 vector (N.D., et al., unpublished data) were grown in MEGM (Lonza) supplemented with either 0.5% or 10% FBS and 2 g/ml puromycin, as previously described (1) . vHMEC-ras0.5 clones were isolated using standard ring cloning procedures. All experiments performed with early passage clones were conducted between 5 and 15 passages following exposure to serum; experiments with late passage clones were conducted 40 or more passages following exposure to serum. For 3D cultures, 5 ϫ 10 3 cells were resuspended in media containing 2% Matrigel (BD Biosciences) and seeded into eight-well glass chamber slides on top of a thin layer of Matrigel.
Immunofluorescence Analysis. Cells were fixed with 100% methanol for 7 min at Ϫ20°C (for E-cadherin, ␤1-integrin, and cytokeratin staining) or with 4% paraformaldehyde/PBS for 20 min at room temperature (RT) (for F-actin staining). Paraformaldehyde-fixed cells were permeabilized with 0.1% Triton X-100/PBS for 10 min at RT and washed with PBS. Nonspecific binding sites were blocked and the cells were then incubated with primary antibodies overnight at 4°C, followed by a FITC-conjugated secondary antibody for 1 h at RT, or incubated with Alexa Fluor 488-Phalloidin (Molecular Probes, A12379) for 1 h at RT and appropriately washed. Images were captured using a Nikon epifluorescence inverted microscope and a cooled CCD digital camera (Optronics).
Motility Assay. Motility assays were conducted using Chemicon's QCM Fluorometric Chemotaxis Assay Kit (8 m) according to the manufacturer's protocol.
Methylation-Specific PCR. Genomic DNA was isolated from cells using the Wizard Genomic DNA Isolation Kit (Promega). Approximately 750 ng of DNA was bisulfite treated with the EZ DNA Methylation-Gold Kit according to the manufacturer's protocol (Zymo Research). Methylation-specific PCR (MSP) was performed on bisulfite-modified DNA using previously described primer pairs and PCR cycle conditions (see SI Text for additional details on this and other experimental procedures).
